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ABSTRACT
We investigate electrostatic plasma instabilities of Farley–Buneman (FB) type driven by quasi-
stationary neutral gas flows in the solar chromosphere. The role of these instabilities in the
chromosphere is clarified. We find that the destabilizing ion thermal effect is highly reduced
by the Coulomb collisions and can be ignored for the chromospheric FB-type instabilities. In
contrast, the destabilizing electron thermal effect is important and causes a significant reduction
of the neutral drag velocity triggering the instability. The resulting threshold velocity is found
as function of chromospheric height. Our results indicate that the FB-type instabilities are still
less efficient in the global chromospheric heating than the Joule dissipation of the currents
driving these instabilities. This conclusion does not exclude the possibility that the FB-type
instabilities develop in the places where the cross-field currents overcome the threshold value
and contribute to the heating locally. Typical length-scales of plasma density fluctuations
produced by these instabilities are determined by the wavelengths of unstable modes, which are
in the range 10–102 cm in the lower chromosphere and 102–103 cm in the upper chromosphere.
These results suggest that the decimetric radio waves undergoing scattering (scintillations) by
these plasma irregularities can serve as a tool for remote probing of the solar chromosphere at
different heights.
Key words: Sun: chromosphere.
1 IN T RO D U C T I O N
Since it was discovered that the temperature in the solar chro-
mosphere is much higher than that can be expected in radiative
equilibrium, the mechanism of chromospheric heating is one of
the main puzzles in solar physics. The first scenario for coronal
and chromospheric heating was proposed by Biermann (1946) and
Schwarzschild (1948), who suggested that the atmosphere of the sun
is heated by acoustic waves generated in the turbulent convective
zone. The theory of wave generation by turbulence was developed
by Lighthill (1952). Extension of this theory to the stratified envi-
ronment of the solar atmosphere showed that short-period acoustic
waves are abundantly generated in the convective zone (Stein 1967).
The theory predicts that the peak of the acoustic power spectrum is
just below a period of one minute. Later numerical simulations (e.g.
Carlsson & Stein 1992) confirmed that the total power of the gener-
ated acoustic waves is sufficient for chromospheric heating. But the
measurements of acoustic flux in the chromosphere have usually
failed to find sufficient energy. From the analysis of the Doppler
 E-mail: grigol_gogoberidze@iliauni.edu.ge
shifts of UV lines, Bruner (1978) demonstrated that the energy flux
of the acoustic waves with periods of 100 s or more is at least
two orders of magnitude less than that required for the observed
level of chromospheric heating. Similar results have been obtained
by Mein & Schmieder (1981) from an analysis of the Doppler shifts
of Ca II and Mg I lines. Recent analysis of the data obtained by
TRACE (Fossum & Carlsson 2005) has shown that the observed
intensity of high-frequency (10–50 mHz) acoustic waves was at
least one order of magnitude lower than necessary for the observed
chromospheric heating. In addition, instead of steepening and dis-
sipation, the acoustic waves and pulses can form sausage solitons,
propagating undamped along magnetic flux tubes (Zaqarashvili,
Kukhianidze & Khodachenko 2010).
Problems with measurements of sufficient acoustic flux stimu-
lated development of alternative models of chromospheric heating.
One of the alternative scenarios (Parker 1988; Sturrock 1999) im-
plies that impulsive nanoflares related to magnetic reconnection can
be responsible for chromospheric heating. The observations (e.g.
Aschwanden et al. 2000) do show numerous fast brightenings in the
sun but they are not sufficiently frequent to explain the UV emission
of the chromosphere. Another scenario for chromospheric heating
is resistive dissipation of electric currents (Rabin & Moore 1984;
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Goodman 2004). Recent analysis of three-dimensional vector cur-
rents observed in a sunspot has shown that the observed currents are
not sufficient to be responsible for the observed amount of heating
(Socas-Navarro 2007).
Recently, it has been supposed that a convective motion-driven
Farley–Buneman instability (FBI; Buneman 1963; Farley 1963) can
significantly contribute to chromospheric heating (Liperovsky et al.
2000; Fontenla 2005; Fontenla, Peterson & Harder 2008). The FBI
is known to be responsible for the formation of plasma irregulari-
ties in the Earth’s ionospheric E-region (Schunk & Nagy 2000). The
interplay of the background electric and magnetic fields at the al-
titudes, where electrons are strongly magnetized produces currents
that drive the instability. In a similar way, if the electrons are strongly
magnetized, the drag of the ions by neutrals causes the instability.
The simultaneously observed electron heating was attributed to the
parallel electric fields in waves (Dimant & Milikh 2003; Milikh &
Dimant 2003). Gogoberidze et al. (2009) extended analysis of the
FBI in the solar chromosphere conditions by taking into account
the finite ion magnetization and Coulomb collisions. This study
suggested that the FBI is not a dominant factor in the global chro-
mospheric heating. However, local strong cross-field currents can
drive FBI producing small-scale (0.1–3m) density irregularities
and contributing to the chromospheric heating locally. Pandey &
Wardle (2013) accounted for the flow inhomogeneity (flow shears)
and found an electromagnetic magnetohydrodynamic-like instabil-
ity generated at larger scales. These irregularities can cause scintil-
lations of radio waves at similar length-scales and provide a tool for
chromospheric remote sensing. It has to be noted that Gogoberidze
et al. (2009) did not take into account effects of the electron heating
related to the presence of parallel electric fields in the waves. As
showed theoretically by Dimant & Milikh (2003) and confirmed by
recent particle in cell simulations (Oppenheim & Dimant 2013), this
effect can significantly increase the electron heating. Importance of
this mechanism for the solar chromosphere requires an additional
analysis and is beyond the scope of this paper.
It is also known that electron and ion thermal effects can strongly
affect small-scale E-region instabilities. The electron thermal ef-
fects lead to a considerable modification of the FBI (mainly by
the electron Pedersen conductivity via perturbed Joule heating),
and Dimant & Sudan (1995) have given the modified FBI a new
name: electron Pedersen conductivity instability. Later on, this in-
stability was studied in more detail by Dimant & Sudan (1997) and
Robinson (1998). The ion thermal effects also modify FBI signifi-
cantly and make it possible in a wider altitude range as compared to
the predictions of adiabatic and isothermal FBI models (Dimant &
Oppenheim 2004).
Here, we study small-scale electrostatic instabilities of the FB
type in the partially ionized plasma of the solar chromosphere tak-
ing into consideration ion and electron thermal effects, electron
and ion viscosity and Coulomb collisions. As it has been demon-
strated by Gogoberidze et al. (2009), contrary to the ionospheric
case, the Coulomb collisions of electrons and ions cannot be ig-
nored in the chromosphere because of the relatively high degree of
ionization (10−2–10−4). In this paper, we find another difference
with the ionosphere: the destabilizing influence of ion thermal ef-
fects is highly reduced in the chromosphere by Coulomb collisions
and can be neglected. But electron thermal effects appeared to be
important, especially in the middle and upper chromosphere, where
they reduce the threshold value of the relative electron/ion veloc-
ity (current velocity). We determine various characteristic length-
scales as well as the value of the threshold relative velocity of
electrons and ions necessary to trigger the electrostatic instability
as a function of chromospheric height in the framework of the
semi-empirical chromospheric model SRPM 306 (Fontenla, Bala-
subramaniam & Harder 2007). We confirm our previous conclusion
that FB-type electrostatic instabilities cannot be responsible for the
chromospheric heating at global length-scales. However, such insta-
bilities can be generated locally in the places of sufficiently strong
currents and can create small-scale plasma irregularities.
The paper is organized as follows. The general formalism is
presented in Section 2. The FBI and the ion thermal instability are
studied in Section 3. The electron thermal instability is discussed in
Section 4. Different length-scales of the chromosphere important for
the development of electrostatic instabilities are studied in Section 5.
Conclusions are given in Section 6.
2 G E N E R A L F O R M A L I S M
We use a standard modal analysis for linear perturbations in partially
ionized plasmas with neutral flows taking into account Coulomb
collisions, ion and electron viscosity, and thermal effects. The dy-
namics of electrons, one species of singly charged ions and neutral
hydrogen in the solar chromosphere for imposed electric (E) and
magnetic (B) fields is governed by the continuity, Euler and heat
transfer equations
dαnα
dt
+ nα∇ · V α = 0, (1)
me
deV e
dt
= −e
(
E + V e × B
c
)
− ∇(neKTe)
ne
− meνei(V e − V i) − meνen(V e − V n) + meηe∇2V e,
(2)
mi
diV i
dt
= e
(
E + V i × B
c
)
− ∇(niKTi)
ni
− meνei(V i − V e) − μnimiνin(V i − V n) + miηi∇2V i,
(3)
n2/3e
de(Ten−2/3e )
dt
= 2
3
εeμnemeνen(V e − V n)2
− 2μenνen (1 + ρen) (Te − Tn) + 23μiemeνei
× (V e − V i)2 − 2μeiνei(Te − Ti) + χe
ne
∇2Te,
(4)
n2/3i
di(Tin−2/3i )
dt
= 2
3
εiμnimiνin(V i − V n)2 − 2μniνin(Ti − Tn)
+ 2
3
μeimiνei(V e − V i)2 − 2μeiνei(Ti − Te)
+ χi
ni
∇2Ti. (5)
Here, α = e, i denotes electrons or ions; n denotes neutrals; nα is
the number density, V α is the averaged drift velocity; mα is the
mass; Tα is the temperature; ναβ is the elastic collision frequency;
ηα is the kinematic viscosity; χα is the thermal conductivity;
μαβ = mα/(mα + mβ ) is the mass-reducing factor, such that 2μαβ is
the energy fraction lost by a particle of α species during one elastic
collision with a particle of β species; c is the speed of light;K is the
Boltzmann constant and dα/dt denotes the convective derivative.
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Instabilities in the solar chromosphere 3
εe, i are dimensionless parameters which will be discussed below.
The relative efficiency of inelastic/elastic collisions in the electron
thermal balance is ρen = ν¯en/ (3μenνen), where ν¯en is the inelastic
e − n collisional frequency.
Equations (1)–(5) are similar to the so-called 5-moment trans-
port equations (Schunk & Nagy 2000) which are often used when
studying instabilities in the E-region of the Earth’s ionosphere. The
principal difference between the 5-moment approach and our study
is that, as it was mentioned in the introduction, the ionization de-
gree in the chromosphere is much higher than in the E-region and
consequently Coulomb collisions are not ignored in the set of equa-
tions (1)–(5). We account for inelastic e − n collisions (Robinson
1998) in the electron energy balance (4) (term proportional to ρen).
We will come back to this last issue in the discussion section.
The right-hand side of equations (4) and (5) describe the bal-
ance between frictional heating (two positive terms) and collisional
cooling (two negative terms). Without these effects, the temperature
fluctuations would be adiabatic (Tα ∼ nγ−1α with γ = 5/3). In the
case of elastic collisions, we have μei = me/(me + mi) ≈ me/mi,
and μni ≈ mp/(mp + mi).
In the upper chromosphere, the charged particles are mainly pro-
tons (and therefore μni = 1/2), whereas at lower attitudes heavy
ions dominate the positive charge. Because of this reason, we do not
specify the type of ions and the obtained results will be suitable for
studying both upper and lower chromosphere. This circumstance
leads to other distinctions from the similar ionospheric analysis.
Namely for lower chromosphere we have μni ≈ mp/mi and the in-
fluence of the ion–neutral friction on ion dynamics is reduced by
factor mp/mi in comparison to the case of equal ion/neutral masses.
The frictional heating terms in equations (4) and (5) include addi-
tional factors εe, i that account for possible effects of enhanced wave
heating. Ionospheric observations shows that the typical value of εe
varies between 10 and 30 in the middle ionosphere (Robinson 1998;
Dimant & Milikh 2003), whereas no ion heating is usually observed
(i.e. εi = 1 in the ionosphere). Chromospheric factors driving waves
unstable appeared to be quite different from the ionospheric ones,
and the enhanced ion heating by the waves may occur in the chro-
mosphere as well as the enhanced electron heating. We would like
to account for this possibility by putting εi = 1, and for simplicity
we will use the single heating parameter ε = εe = εi.
For collision frequencies, we use the following expressions
(Braginskii 1965):
νei = 4(2π)
1/2e4ne
3m1/2e (KTe)3/2
, (6)
νen = σennn
√
KTe
me
, (7)
νin = νpn = σinnn
√
KTp
mp
, (8)
where  is the Coulomb logarithm. From the former equation, we
see that regardless of the mass of dominant ion species, νei = νep
for singly charged ions.
For the electron–neutral and ion–neutral collisions, we assume a
simple model with constant cross-sections σ en = 3.0 × 10−15 cm2
(Bedersen & Kieffer 1971) and σ in = 2.8 × 10−14 cm2 (Krstic &
Schultz 1999) that are typical for the middle chromosphere with
particles energies ∼ 0.5−1.0 eV. In principle, σ en and σ in are not
constant but depend on the particles energies. For example, the neu-
tral atom polarization results in the σsn ∼ 1/Vs dependence making
the collisional frequency independent of the particle energy. With
this model, our results would even more emphasize the effects of
Coulomb collisions on FBI in the upper chromosphere. However,
because of the other kinds of collisions with neutrals, the atom po-
larization model underestimates the electron and ion collisions with
the neutrals. Since these other kinds of collisions with neutrals are
not well studied in the chromospheric conditions, we use the model
with constant cross-sections, which artificially enhances νen and ν in
at larger heights.
Estimation of inelastic electron–hydrogen collisional frequency
ν¯en is rather involved and sensitive to the electron temperature and
velocity distribution in the superthermal tail. Taking into account
two main excitation levels of hydrogen atoms and using formulae
given by Johnson (1972), we estimate that ρen vary from 0.1 in the
lower chromosphere to about 1 in the upper chromosphere. We will
keep ρen in derivations, but will not analyse its influence separately
(see Discussion).
We assume that the system is penetrated by a uniform magnetic
field B and that neutrals have background velocity V n ⊥ B. Then,
equation (2) and (3) give for the background flow of electrons and
ions
κV i × b − (αN + μni)V i + αNV e + μniV n = 0, (9)
− κV e × b − α(N + 1)V e + αNV i + αV n = 0. (10)
Here, κ = ωcp/νpn is the proton magnetization, b = B/B is
the unit vector along the mean magnetic field direction, ψ =
νenνin/ωcpωce, ωcα ≡ eB/mαc is the cyclotron frequency, α =ψκ2 =
meνen/mpνpn ≈ 2.6 × 10−3 and N = νei/νen is the ratio of the
Coulomb and electron–neutral collision frequencies.
Multiplying equations (9) and (10) by b and excluding V i × b
and V e × b, we obtain[
κ2
μ1
(N + 1) + αN + μni
]
V i − N
[
κ2
μ1
+ α
]
V e
= κV n × b + μniV n, (11)
N
[
κ2
μ1
+ α
]
V i −
[
κ2(αN + μni)
αμ1
+ α(1 + N )
]
V e
= κV n × b − αV n. (12)
Here, μ1 = αN + μni(1 + N) ≈ μni(1 + N).
Using equations (11) and (12) one can readily derive expressions
for V i and V i, but exact relations are too complicated. The depen-
dence of the proton magnetization κ and N on height based on the
semi-empirical chromospheric model SRMP 306 (Fontenla et al.
2007) is shown in Figs 1 and 2, respectively. Detailed analysis of
these data is presented in the next section. Here, we note that, as it
can be seen from Fig. 2, for all chromospheric heights αN 	 1. Also,
from the data shown in Figs 1 and 2, one can find that κ2/μ1 
 α
in the chromosphere except for very low altitudes h < 600 km.
In this paper, we are mostly interested in higher altitudes where
the Coulomb collisional effects are important for FBI. In the limit
αN 	 1 and αμ1/κ2 	 1, we obtain the ion and electron back-
ground velocities
V i ≈ μni
κ2 + μ2ni
[μniV n + κV n × b] , (13)
V e ≈ αμni Nκ
2 + αμni(1 + N )
κ2(κ2 + μ2ni)
V n − α κ
2 + μ2ni(1 + N )
κ(κ2 + μ2ni)
V n × b.
(14)
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Figure 1. Proton magnetization κp in the chromosphere for B = 30 G (solid
line) and B = 90 G (dash–dotted line), and ψ for B = 30 G (dashed line)
and B = 90 G (dotted line).
Figure 2. The ratio N of the Coulomb to electron–neutral collision frequen-
cies as a function of height.
In the considered limit, α 	 1 and αN 	 1, the current velocity
U0 = V i − V e ≈ V i.
On the background given by equations (13) and (14) and cor-
responding solutions for ion and electron temperatures in the
subsequent sections, we consider different linear electrostatic per-
turbations propagating in the plane perpendicular to the background
magnetic field. To simplify further analysis, we make two assump-
tions which are standard in the study of low-frequency perturbations.
First, we assume quasi-neutrality (ne ≈ ni = n). This condition is
valid when characteristic frequency of perturbations is much less
than ion plasma frequency. Secondly, we treat electrons as inertia-
less. The latter assumption implies that the characteristic time-scale
of the perturbations is much greater than electron cyclotron and
plasma time-scales. Both ion thermal and current-driven instabil-
ities occur at ion–neutral collision time-scale, which for typical
chromospheric parameters is much greater than all characteristic
time-scales mentioned above.
In the analysis below, we ignore perturbations of the neutral
component. Such a treatment is valid in weakly ionized plasma
for relatively high-frequency perturbations. Comparing inertial and
ion drag terms in the Euler equation for neutrals, we obtain that
perturbations of the neutral component can be safely neglected if
ω 
 ne
nn
νin. (15)
And finally, as is usually done in the E-layer research, we con-
sider the ion and electron temperature perturbations separately. Due
to the relatively high electron concentration in the chromosphere
we do not ignore Coulomb collisions. In the general case, perturba-
tions of the ion temperature can cause perturbations of the electron
temperature. But due to the large ions/electron mass ratio, Coulomb
collisions are inefficient in the heat transfer between electrons and
ions. Mathematically, this is manifested by the μei ∼ me/mi mul-
tiplier in the last but one term of equation (5). Comparing this
term with the left-hand side of equation (5) shows that the thermal
perturbations of ions and electrons can be treated separately if
ω 
 me
mi
νei. (16)
In this context, it should be also noted that electron thermal effects
in the ionospheric E-layer are important for relatively low altitudes
(Schunk & Nagy 2000), where ion magnetization is weak, whereas
ion thermal effects become important with strong ion magnetization.
3 FB I A N D I O N T H E R M A L E F F E C T S
Let as introduce dimensionless perturbations of electric potential,
number density and temperature for the α species:
¯φα = ek · E
′
KTαk2 , n¯ =
n′
n
, τ¯α = T
′
α
Tα
, (17)
where primed variables stand for linear perturbations in the Fourier
space and wave vector k ⊥ b (here, we considered only two-
dimensional perturbations with wave vectors perpendicular to the
background magnetic field).
Then, linearizing equations (1)–(5), dropping viscosity and ther-
mal conductivity effects (these effects will be studied in the follow-
ing sections), setting for simplicity ε = 1 and setting T ′e = 0, the
Euler equation for the ions gives(
1 + α∗N − i
ν∗in
)
v′i = −ik
u2T i
ν∗in
( ¯φi + n¯ + τ¯i) + κ∗v′i × b
+ α∗Nv′e, (18)
where = ω − k · V i is the frequency in the ion frame, ν∗in = μniνin
is the reduced ion–neutral collisional frequency, κ∗ = κ/μin, α∗ =
α/μin and uT i = (Ti/mi)1/2 is the ion thermal velocity.
Similarly, the linearized Euler equation for the electrons (which
we treat inertialess) gives
(1 + N ) v′e = ik
u2T i
αν∗in
(
¯φi − γ Te
Ti
n¯
)
− κ
α
v′e × b + Nv′i. (19)
As discussed earlier, we study evolution of perturbations in the
limits α 	 1 and αN 	 1 that are fulfilled in the entire chro-
mosphere. In addition, here we assume also αN/κ2 	 1. This
condition is valid everywhere except for very low chromospheric
heights, where the influence of Coulomb collisions on FBI is negli-
gible anyway (Gogoberidze et al. 2009). Solving equations (18) and
(19) for perturbed velocities and keeping only leading-order terms
with respect to the small parameters α, αN and αN/κ2, we obtain
v′i = −i
(
u2T i
ν∗in
) (1 − i/ν∗in) k + κ ′k × b(
1 − i/ν∗in
)2 + κ ′2 ( ¯φi + n¯ + τ¯i), (20)
v′e = ikψ
u2T i
ν∗in
[
(1 + N )
(
¯φi − γ Te
Ti
n¯
)
− Nκ
′2( ¯φi + n¯ + τ¯i)
(1 − i/ν∗in)2 + κ∗2
]
+ Q. (21)
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Instabilities in the solar chromosphere 5
Here, Q stands for the terms proportional to k × b, which do not
contribute to the dispersion relation [it is eliminated by the scalar
product k · v′e in equation (25) below].
From equation (20), it follows that, in the lowest order with re-
spect to the small parameters α, αN and αN/κ2, the perturbed ion
velocity is not affected by the Coulomb collisions with electrons.
Physically, this means that the force balance for the ion fluctuations
is dominated by the ion–neutral rather than the ion–electron colli-
sions. In the leading order with respect to small α, αN and αN/κ2,
the perturbed equation (5) reduces to(

ν∗in
+ iζ
)
τ¯i − 23ν∗in
n¯ = 4iμni
3u2T i
v′i · (V i − V n), (22)
where ζ = 2μni + νep/ν∗in.
From the ion continuity equation, using equations (13) and (20),
we obtain
v′i · (V i − V n) =
κ ′n¯
k2(1 − i/ν∗in)
× [(1 − i/ν∗in)k · (U0 × b) + κ ′(k · U0)] . (23)
Substituting this into equation (22), we obtain the relation between
the temperature and density perturbations τ¯i and n¯:
3kU0
2
(
1 − i 
ν∗in
)(
ζ − i 
ν∗in
)
τ¯i =
[
2μniκ2U 20 cos θ
u2T i
+
(
1 − i 
ν∗in
)(
2μniκ2U 20 sin θ
u2T i
− i kU0
ν∗in
)]
n¯, (24)
where θ is the angle between U0 and k.
To obtain the second independent relation between τ¯i and n¯, we
use the electron continuity equation
( + k · U0)n¯ = k · v′e. (25)
Substituting equation (21) in this equation gives
− i k
2u2T i
ν∗2in
τ¯i =
[
 + k · U0
¯ψν∗in
+ i k
2c2s
ν∗2in
+ 
ν∗in
(1 − i/ν∗in)2 + κ2/(1 + N )
1 − i/ν∗in
]
n¯, (26)
where cs = [K(Ti + Te)/mi]1/2 is the isothermal sound speed and
¯ψ = ψ(1 + N ). Note that in the absence of thermal effects, τ¯i = 0,
the expression in the square brackets on the left-hand side of
equation (26) represents the dispersion relation for isothermal elec-
trostatic perturbations in weakly ionized plasmas studied by Gogob-
eridze et al. (2009).
By means of equations (24) and (26), which represent two in-
dependent relations between τ¯i and n¯, one can readily derive the
dispersion relation. A simple analytical solution of the dispersion
equation can be obtained in the long-wavelength low-frequency
limit
||, kU0 	 ν∗in. (27)
Eliminating τ from equations (24) and (26), and keeping first-
order terms in small parameters ||/ν∗in and kU0/ν∗in, we obtain the
real part of frequency
r = − k · U01 + ¯ψ . (28)
Analysis of the second-order terms yields the following expression
for the growth rate
γ =
¯ψk2U 20
ν∗in(1 + ¯ψ)
⎡
⎣
(
1 − κ21+N
)
cos2 θ
(1 + ¯ψ)2 −
c2s
U 20
+ 4μni
3ζ
κ cos θ (κ cos θ + sin θ )
1 + ¯ψ
]
. (29)
Equations (28) and (29) represent solution for the frequency and the
growth rate in the lowest order with respect to the small parameters
α, αN and αN/κ2. Equations (28) and (29) generalize equations (29)
and (30) from Dimant & Oppenheim (2004) by including Coulomb
collisions and allowing for different masses of the colliding ions
and neutrals.
The first term in the square brackets of equation (29) drives the
FBI, while the last term drives the ion thermal instability. If Coulomb
collisions are ignored (N = 0), then the driving term reduces to the
well-known result by Fejer, Providakes & Farley (1984), which
implies that, regardless of the neutral drag velocity, the FBI cannot
occur if the proton magnetization κ > 1. The dependence of the
proton magnetization κ on height in the chromosphere based on the
semi-empirical chromospheric model SRPM 306 (Fontenla et al.
2007) is shown in Fig. 1 for B = 30 G (solid line) and B = 90 G
(dash–dotted line), and ψ for B = 30 G (dashed line) and B = 90 G
(dotted line). It is seen that the proton magnetization exceeds unity
in the upper chromosphere and the standard FBI theory predicts
its stability there. In contrast, as was shown by Gogoberidze et al.
(2009), the Coulomb collisions make FBI possible even if ions are
relatively highly magnetized [the effect of reduced magnetization
∼κ2/(1 + N) in the numerator]. Detailed analysis shows that the
effect related to the Coulomb collisions makes the FBI possible
for chromospheric heights from ∼1000 to ∼1400 km (fig. 2 by
Gogoberidze et al. 2009).
The dependence of N = νep/νen on the height for the model SRPM
306 is presented in Fig. 2. It is seen that Coulomb collisions become
dominant at heights h > 1000 km and hence the development of FBI
is facilitated in the upper chromosphere (Gogoberidze et al. 2009).
If ion thermal effects are ignored, then the most unstable mode
has θ = 0 and the threshold value of the current velocity necessary
to trigger the FBI is given by
U cr0 = cs(1 + ¯ψ)
(
1 − κ
2
1 + N
)−1/2
. (30)
Using the SRPM 306 model, Gogoberidze et al. (2009) found that
the minimum value of U cr0 occurs at chromospheric height of 850 km
and is about 2 km s−1, which corresponds to the current J0 ∼ 2.4 ×
106 statampere cm−2. According to recent observations, the typical
values of currents at length-scales ∼100 km and longer are much
smaller, ∼5 × 104 statampere cm−2 (Socas-Navarro 2007). In prin-
ciple, it is possible that stronger currents exist locally at smaller
scales, but in this case the heat produced by the ion–neutral fric-
tion will be at least one order of magnitude larger than the energy
required to sustain the radiative losses in the chromosphere. Con-
sequently, Gogoberidze et al. (2009) concluded the FBI cannot be
responsible for chromospheric heating.
The ion thermal driving described by the last term in square brack-
ets of equation (29) becomes important for relatively high chromo-
spheric altitudes where the ion magnetization is strong. Analysis of
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6 G. Gogoberidze et al.
equation (29) shows that the most unstable mode propagates at the
angle θ IT,
tan θIT = 2κ(1 + ¯ψ)μ¯
[
3 − κ2
(
3
1 + N − 2η
)]−1
. (31)
Here,
μ¯pi = 2μpi
ζ
=
(
1 + mi + mp
2mp
νen
νin
N
)−1
. (32)
For protons and heavy ions with mi = 30mp,
μ¯pp = 11 + 4.59N , μ¯pi =
1
1 + 71.2N . (33)
Using the data presented in Fig. 1, we conclude that both in the lower
chromosphere (where positive charges are dominated by heavy ions)
and in the upper chromosphere, the Coulomb collisions strongly
reduce the ion thermal effects and make them negligible in the
chromospheric conditions.
4 E L E C T RO N T H E R M A L E F F E C T S
As is mentioned above, the electron thermal effects are important
at relatively low altitudes, where ion magnetization is still weak.
Therefore, we treat the ions as unmagnetized, whereas the electrons
are assumed to be strongly magnetized, in which case V i ≈ U0 ≈
V n. Manipulations with the Euler equation for electrons under the
condition ωce 
 νen yield
v′e =
ωn¯
k2
(
k − ωce
νen(1 + N ) + ηek2 k × b
)
. (34)
From the Euler equation for ions and from the continuity equation,
dropping the terms of order ψκ2 ∼ 2.6 × 10−3 we have
v′i = −i
ku2T i
ν∗in(1 + ξ − i/ν∗in)
(
n¯ + Te
Ti
¯φe
)
= k
k2
n¯, (35)
where ξ = k2ηi/ν∗in. Substituting equations (34) and (35) into the
perturbed heat balance equation for electrons, and using condition
ωce 
 νen, we obtain(
i − 2ωceε (k × b) · U0
genk2u
2
T e
− ε 2νenNk · U0
ωk2u2T e
)
n¯
=
[
3
2
i − χek
2
nω
− 3meνen
mpω
(1 + ρen)
(
1 + mp
mi
N
)]
τ¯e, (36)
where gen = 1 + ηek2/νen(1 + N).
The second equation relating n¯ and τ¯e can be obtained by elim-
inating ve and ¯φe from the Euler equation for ions by means of
equations (34) and (35). This yields
τ¯e = −n¯ Ti
Te
[
c2s
u2T i
− i ν
∗
in
k2u2T i
×
{
(1 + ξ − i/ν∗in) +
ω
¯ψgen
}]
. (37)
Substitution of τ from equation (37) into equation (36) gives the
dispersion equation. As in the case of the ion thermal instability, we
consider only the relatively long-wavelength/low-frequency limit
when ||, kU0, ηk2, ξk2/n 	 ν∗in. In this limit, we have the real
part of frequency
r = − k · U01 + (1 + ξ ) ¯ψgen . (38)
Accounting for the terms that are second order in ||/ν∗in yields the
following expression for the growth rate
γ = gen
¯ψ
ν∗in[1 + (1 + ξ ) ¯ψgen]
[
2r − k2c2s + ε
mpνpn
miωcp
× 1 + N
mpχk2
menνen
+ 3 (1 + ρen)
(
1 + mp
mi
N
) k2U 20 sin 2θ
1 + (1 + ξ ) ¯ψgen
⎤
⎦ . (39)
If the thermal conduction and viscosity effects can be ignored
(conditions for this assumption as well as analysis of other charac-
teristic length-scales in the chromosphere are presented in the next
section), then equations (38) and (39) reduce to
r = − k · U01 + ¯ψ ; (40)
γ =
¯ψ
ν∗in(1 + ¯ψ)
[
k2U 20 cos
2 θ
(1 + ¯ψ)2 − ε
∗ (1 + N )k2U 20 sin 2θ
3κ(mi/mp + N )(1 + ¯ψ)
− k2c2s
]
, (41)
where the effective heating coefficient ε∗ = ε/(1 + ρen) repre-
sents the cumulative effect of two counter-acting processes: wave
heating/collisional cooling.
Note that in the lower chromosphere, dominated by heavy ions,
electron thermal effects are reduced (compared to the upper chro-
mosphere) due to the presence of the mi/mp ratio in the denominator
of the second term on the right-hand side of equation (41). Analysis
of equation (41) shows that the propagation angle θET for the most
unstable mode is given by
tan 2θET = 23ε
∗ 1 + ¯ψ
κ
1 + N
mi/mp + N . (42)
The threshold value of the current velocity is
UETcr = cs
√
2(1 + ¯ψ)
×
⎡
⎣1 +
√
1 +
(
2
3
ε∗
1 + ¯ψ
κ
1 + N
mi/mp + N
)2⎤⎦
−1/2
. (43)
Dependence of the threshold value of the current velocity UET0
on height in the chromosphere based on SRPM 306 is shown in
Fig. 3 for ε∗ = 0 (this case corresponds to FBI in the conditions
of negligible ion magnetization), 1, 10, 30. The magnetic field B =
30 G. The left-hand panel corresponds to the protons and the right
to the ions with mi = 30mp.
From Fig. 3 one can see that, in the case of protons, the electron
thermal effects cause a significant reduction of the threshold current
velocity even for ε∗ = 1, when there is no any plasma heating. For
higher values of ε∗, the reduction of the threshold current velocity
becomes very strong, and for ε∗ = 30 the threshold value of the
cross-field current velocity decreases about 10 times. However, our
estimations, similar to those by Gogoberidze et al. (2009), show
that this threshold reduction is insufficient to make the FBI heating
comparable to the direct collisional heating by supercritical cur-
rents. It must be also noted that UETcr is still much larger than the
observed chromospheric currents (Socas-Navarro 2007).
In the case of heavy ions, the electron thermal effects are less
important and for ε∗ = 1 the influence of electron thermal effects
on the FBI is negligible. But for higher values of ε∗, the decrease in
UET0 becomes significant also in the case of heavy ions.
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Instabilities in the solar chromosphere 7
Figure 3. Dependence of the FBI threshold UET0 on the chromospheric height for ε∗ = 0 (solid line), ε∗ = 1 (dashed line), ε∗ = 10 (das–dotted line) and
ε∗ = 30 (dotted line). Left-hand panel corresponds to the protons and right-hand panel to ions with mi = 30mp.
5 T Y P I C A L L E N G T H - S C A L E S O F T H E
ELECTROSTATIC INSTA BILITIES IN THE
C H RO M O S P H E R E
In this section, we study in detail the assumptions made in the
analysis presented above. We determine the typical length-scales of
the electrostatic instabilities in the chromosphere. As mentioned in
Section 2, perturbations of the neutral component can be ignored
under the condition given in equation (15). The equivalent condition
for the perturbation wavelength is
λ 	 λn ≡ 2πcs
νin
nn
n
. (44)
The condition given in equation (16) that ion and electron thermal
perturbations can be considered separately yields the condition for
wavelength
λ 	 λT ≡ 2πcs
νep
mi
me
. (45)
In the derivation of equations (40)–(43), we ignored ion and electron
viscosity and electron thermal conductivity effects. From equation
(34), it follows that electron viscosity effects can be ignored if νen 

ηek2. Taking into account the expression for the electron viscosity
(Braginskii 1965)
ηe = 0.73 KTe
meνep
, (46)
we find that the electron viscosity can be neglected under the fol-
lowing condition
λ 
 λe ≡ 2π
(
1 + N
0.73
νenνep
u2T e
)−1/2
. (47)
According to equation (35), ion viscosity can be neglected if ν∗in 

ηik
2
. Noting that the ion viscosity (Braginskii 1965)
ηi = 0.96 KTi√
memiνep
, (48)
we conclude that the ion viscosity can be neglected if
λ 
 λi ≡ 2π
(
νpnνep
0.96u2T p
m1/2e
m
1/2
i
)−1/2
. (49)
The perpendicular heat conductivity of electrons is (Braginskii
1965)
χe = 4.66nKTeνep
meω2ce
. (50)
Equation (36) yields that the electron heat conductivity can be ne-
glected if
λ 
 λκ ≡ 2π
[
3
(
1
N
+ mp
mi
)
ωceωcp
4.66u2T e
]−1/2
. (51)
Finally, the long-wavelength approximation used to solve the
dispersion equation is valid when
λ 
 λ0 ≡ 2π cs
ν∗in
. (52)
The characteristic wavelengths λn, λe, λi, λT, λκ and λ0, as func-
tions of chromospheric height based on SRPM 306 are presented
in Fig. 4. The left-hand panel corresponds to protons and the right-
hand panel to heavy ions with mi = 30mp. The magnetic field
B = 30 G is assumed. Transition from the lower chromosphere with
the effective ion mass mi ∼ 30mp to the upper chromosphere with
mi ∼ mp occurs at the heights around 1000 km. This means the
left-hand panel of Fig. 4 shows correct scales at h > 1000 km and
the right-hand panel at h < 1000 km.
Assuming that the supercritical currents can occur in the so-
lar chromosphere locally and generate FBI, from the right-hand
panel of Fig. 4 we deduce that in the lower chromosphere, where
the positively charged particles are mainly heavy ions, the typical
FBI wavelengths are λ = 10–102 cm. In the upper chromosphere,
where the positive charge is dominated by protons, the characteris-
tic wavelengths are λ = 102–103 cm (see left-hand panel of Fig. 4).
Since FBI generate plasma density perturbations, they can generate
plasma irregularities with typical length-scales ∼10–102 cm in the
lower and ∼102–103 cm in the upper chromosphere. These plasma
irregularities should cause scintillations of radio waves with similar
wavelengths and provide a tool for remote chromospheric sensing.
In particular, scintillations of decimetric/metric radio waves passing
through solar chromosphere can serve as indicators for FBI devel-
oped in lower/upper chromosphere and hence for the presence of
over-threshold currents there.
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8 G. Gogoberidze et al.
Figure 4. The characteristic FBI wavelengths as functions of the chromospheric height in the SRPM 306 model: λn (dotted line), λe (thin dashed line), λi
(thick dashed line), λT (thin dash–dotted line), λκ (thick dash–dotted line) and λ0 (solid line). Left-hand panel corresponds to the protons and right-hand panel
to ions with mi = 30mp.
6 D ISC U SSION
Since we are interested in more general features of FB-type insta-
bilities, we do not analyse effects of inelastic electron–neutral col-
lisions separately but incorporated them into the effective heating
parameter ε∗ = ε/(1 + ρen). This parameter reflects the response of
electrons to the heating by waves (ε in the numerator) versus cooling
by collisions (1 + ρen in the denominator). Given the present uncer-
tainty of both the heating factor ε and the inelastic collisional rates
of electrons determining ρen in the chromosphere, the separate anal-
ysis of these effects is postponed for future considerations. A more
detailed and justified model is also needed for the electron–neutral
and ion–neutral collisions in the chromospheric conditions.
Several notes are in order regarding our study as compared to
ionospheric studies. We would like to emphasize here two important
facts concerning chromospheric plasma in contrast to ionospheric
plasma: (i) Coulomb collisions (represented by N) cannot be ig-
nored in the chromosphere and can increase the FBI growth rate;
(ii) the ion/neutral mass ratio mi/mn is large in the middle/lower
chromosphere, which leads to the decrease of the ion/neutral fric-
tion.
Since the Coulomb collisions usually introduce dissipative ef-
fects, their favourable influence on FBI is counter-intuitive and
needs some explanation. As is known from ionospheric research
(Oppenheim, Otani & Ronchi 1996; Schunk & Nagy 2000), the
destabilizing term driving FBI is caused by the Pedersen response
to the electric field perturbations, whereas the stabilizing term (pro-
portional to κ2/(1 + N)) is related to the Hall response. The in-
tervention of Coulomb collisions in this picture is as follows: they
abate the Pedersen term in the growth rate less than the Hall term
and thus facilitate the FBI making it possible even for κ > 1.
Without effects introduced by the Coulomb collisions and large
ion/neutral mass ratio (in the limit N → 0 and mi/mn → 1), our
results are compatible with the results of ionospheric E-layer re-
search. This conclusion follows from the comparison of our results
on the thermal FBI effects with results by Dimant & Sudan (1995,
1997), Robinson (1998) and Dimant & Oppenheim (2004).
7 C O N C L U S I O N S
We investigated electrostatic instabilities of FB type in the partially
ionized plasma of the solar chromosphere taking into account ion
and electron thermal effects, electron and ion viscosity and Coulomb
collisions. We derived the FBI growth rate including the ion thermal
terms and found that the Coulomb collisions highly reduce them in
the middle/upper chromosphere. Consequently, ion thermal effects
can be neglected for FBI in the solar chromosphere.
In contrast, the electron thermal terms that contribute to the FBI
growth rate (equation 41) are not negligible in the chromospheric
conditions and cause a significant reduction of the threshold current
triggering the instability. The ion and electron viscosity and thermal
conductivity are also important and reduce the instability growth
rate for relatively small-scale perturbations. We determined the
characteristic length-scales relevant to chromospheric conditions
as well as the threshold value of the current velocity as functions
of height in the framework of the semi-empirical chromospheric
model SRPM 306.
It has to be noted that the study of Gogoberidze et al. (2009)
did not take into account the effect of additional electron heating
related to the presence of parallel electric field in waves. As showed
theoretically by Dimant & Milikh (2003) and confirmed by recent
particle in cell simulations (Oppenheim & Dimant 2013), this effect
can significantly increase the electron heating. Importance of this
mechanism for the solar chromosphere requires separate analysis
and is out of the scope of this paper.
In spite of the considerable threshold reduction by the electron
thermal effects (see equation 43 and Fig. 3), our analysis showed that
the electrostatic FB instabilities modified by the electron and ion
thermal effects in chromospheric conditions are less efficient heat-
ing mechanisms than the collisional dissipation of cross-field cur-
rents that drive these instabilities. This conclusion concerns both the
lower chromosphere, where the threshold velocity is decreased by
heavy ions, and the middle/upper chromosphere, where the thresh-
old velocity is decreased by the Coulomb collisions. As discussed in
the introduction, our analysis ignored an additional electron heating
related to the presence of parallel electric fields in waves. This effect
is known to enhance significantly electron heating in the ionospheric
E-layer, and therefore, we cannot exclude the possibility that similar
effect can take place in the solar chromosphere as well. This subject
require further investigations.
The characteristic wavelengths of the FB-type instabilities driven
by supercritical currents in the solar chromosphere are λ = 10–
103 cm. The plasma density fluctuations generated by these instabil-
ities can produce scintillations of radio waves propagating through
the chromosphere. The radio scintillations at ∼10 cm wavelengths
are indicators for the FBI developed in the lower chromosphere,
while the scintillations at <103 cm wavelengths suggest FBI in the
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Instabilities in the solar chromosphere 9
upper chromosphere. Observations and interpretations of such ra-
dio scintillations in terms of FBI provide a possibility for remote
diagnostics of strong cross-field currents and plasma parameters in
the solar chromosphere.
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